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Phonon interactions in solid-state photonics systems cause intrinsic quantum decoherence and
often present the limiting factor in emerging quantum technology. Due to recent developments
in nanophotonics, exciton–cavity structures with very strong light–matter coupling rates can be
fabricated. We show that in such structures, a new regime emerges, where the decoherence is
completely suppressed due to decoupling of the dominant phonon process. Using a numerically
exact tensor network approach, we perform calculations in this non-perturbative, non-Markovian
dynamical regime. Here, we identify a strategy for reaching near-unity photon indistinguishability
and also discover an interesting phonon-dressing of the exciton–cavity polaritons in the high-Q
regime, leading to multiple phonon sidebands when the light–matter interaction is sufficiently strong.
The development of scalable solid-state quantum tech-
nology is challenged by lattice vibrations, i.e. phonons,
which even at zero temperatature deteriorates the quan-
tum coherence [1, 2]. The interaction of electrons and
phonons thus leads to remarkable features in the optical
emission spectrum, such as broad spectral sidebands and
incoherent scattering [3–7]. This is detrimental to the
optical coherence and important to circumvent for appli-
cations in quantum technology. It also presents an open
quantum system with rich physics, operating in a regime
of pronounced non-Markovian dynamics [8].
Recent developments in nanophotonics have opened
up the possibility of creating dielectric nanocavities with
deep subwavelength confinement of light [9], leading to
light–matter interaction strengths otherwise far beyond
reach [10, 11]. Moreover, experiments have demon-
strated very high coupling strengths between a plasmonic
nanocavity and a pristine transition metal dichalcogenide
monolayer [12–14]. These developments open the door to
a new regime of nanophotonic electron–phonon interac-
tions, where the light–matter coupling rate is comparable
to or larger than the dominating phonon frequencies in
the environment. In this paper, we study theoretically
this new regime of cavity quantum electrodynamics and
discover new and important effects. The comparability
of phononic and optical time scales makes calculations of
the dynamical properties highly challenging and has de-
manded extensive development of non-perturbative and
non-Markovian theoretical methods [15–19]. To solve
this outstanding problem, we have implemented a nu-
merically exact and computationally efficient tensor net-
work formulation [20, 21]. Furthermore, we make use
of a variational polaron perturbation theory to derive
analytical results that explain the dynamical decoupling
process. As an example, we consider a nanocavity con-
taining a semiconductor quantum dot, which is coupled
to the longitudinal acoustic phonon modes of the host
lattice. With this example, we show that the spectral
phonon sideband can be completely suppressed, when the
nanocavity is in the low-Q Purcell regime and the light–
matter interaction strength exceeds the phonon cutoff
frequency. Additionally, we predict a novel effect in the
high-Q limit, where each of the exciton polariton peaks in
the spectrum is dressed with an individual phonon side-
band, demonstrating non-perturbative dynamics, where
polaritons and polarons occur at an equal footing.
Our analysis is based on a generic system consisting
of a localised exciton state, |X〉, a cavity mode with
annihilation operator a and a vibrational environment
with phonon annihilation operators {bk}. The exciton–
phonon coupling is described by the Hamiltonian [22]
Hep = |X〉〈X|
∑
k
~(gkbk + g∗kb
†
k), (1)
where {gk} are the exciton–phonon coupling strengths.
The influence of the vibrational environment is charac-
terised by the spectral density, J(ν) =
∑
k |gk| 2δ(ν−νk),
where νk is the frequency of the phonon mode with mo-
mentum k. For any realistic physical system, this spec-
tral density has a cutoff frequency, ξ, such that J(ν) ' 0
for ν  ξ. This cutoff frequency is related to the
length scale of the exciton wavefunction and the prop-
erties of available phonon modes in the material [22–
24]. The light–matter interaction is governed by the
Hamiltonian H0 = ~δa†a+~g(|0〉〈X| a†+ |X〉〈0| a), where
δ = ωc−ωX is the cavity–exciton detuning, g is the light–
matter coupling strength and |0〉 is the electronic ground
state. Furthermore, cavity losses with a rate κ and exci-
ton dephasing with a temperature-dependent rate γ∗(T )
are treated through the Lindblad formalism [25, 26] as
Markovian effects [27–29]. To describe the optical emis-
sion properties of the system, we initialise it in the ex-
citon state with zero photons in the cavity and calcu-
late the spectral correlation function of the emitted pho-
tons as the system relaxes, S(ω, ω′) = κ 〈a†(ω)a(ω′)〉 =
κ
∫∞
−∞ dt
∫∞
−∞ dt
′ e−i(ωt−ω
′t′) 〈a†(t′)a(t)〉. From this spec-
tral function, we can calculate the emission spec-
trum as S(ω, ω) [30]. In addition, it provides ac-
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FIG. 1. Illustration of phonon-mediated optical emission pro-
cesses. a. In the Purcell regime, the exciton decays and
emits a photon (orange arrow). During this process, a phonon
wavepacket (blue wiggly arrow) might be emitted or absorbed,
resulting in a photon with lower or higher energy. b. In the
strong light–matter coupling regime, a phonon wavepacket
can be emitted either by relaxation from the upper polariton
to the lower one (downwards wiggly arrow), or when one of
the polaritons decays to the ground state. c. In the phonon
decoupling regime, where the polariton splitting, 2g, exceeds
the phonon cutoff frequency, ξ, the phonon sidebands on the
two polaritons do not overlap and are hence spectrally re-
solved.
cess to the coherence properties of the emitted pho-
tons, for example their indistinguishability [31], I =
[
∫
dω S(ω, ω)]−2
∫
dω
∫
dω′ |S(ω, ω′)|2, which quantifies
the interference visibility of two subsequently emitted
photons.
There are three main parameter regimes of this system:
In the Purcell regime (Fig. 1a), where 2g < κ, the exciton
decays and emits a photon into the cavity with a rate of
Γp = 4g
2/κ. In this process, a phonon wavepacket may
be emitted or absorbed, generating a broad sideband in
the emission spectrum. At low temperatures, kBT  ~ξ,
the sideband is asymmetric and red-detuned from the
zero-phonon line, reflecting that phonon emission dom-
inates over phonon absorption [32]. In the strong cou-
pling regime (Fig. 1b), the coupling strength exceeds the
decay, 2g > κ, but is still well below the phonon cut-
off frequency. Here, the exciton and cavity form hybrid
polaritons, |±〉 = |1, 0〉±|0, X〉 (where |n, e〉 denotes a n-
photon cavity state and electronic state e ∈ {0, X}) that
are spectrally well-resolved and split by a frequency of 2g.
The dominating decoherence mechanism in this regime
arises from a resonant transition from the upper polari-
ton to the lower polariton under the emission of a phonon
wavepacket with energy ∼ 2~g. If the temperature is suf-
ficiently high to populate the phonon modes, the reverse
process can also take place by phonon absorption. At low
temperatures, the phonon emission process, |+〉 → |−〉,
dominates, and a spectral polariton asymmetry can be
observed, because photons are thus predominantly emit-
ted from the lower polariton state [16, 33, 34]. Since the
polariton splitting is small compared to the phonon cut-
off frequency, the sideband seen in the Purcell regime is
not resolved into contributions from the two polaritons.
Increasing the coupling strength further leads to a
regime of phonon decoupling (Fig. 1c), where 2g exceeds
the phonon cutoff frequency. Due to this, there are no
phonon modes with sufficiently high energy to drive po-
lariton transitions, and this decoupling leads to a recov-
ery of the quantum coherence. Additionally, the spectral
symmetry between the polariton peaks is restored and
the polaritons are now so far separated that the individ-
ual phonon-polariton sidebands are spectrally resolved.
Calculating the temporal correlation function entering
S(ω, ω′) is a technically demanding task due to the non-
Markovian interactions with the phonon environment.
Our approach, based on a tensor-network representation
of the phonon influence functional, is described in the
Supplementary Material. To illustrate the three differ-
ent regimes in Fig. 1, we use a semiconductor quantum
dot in a nanocavity as an example. Here, the phonon cut-
off frequency is typically on the order of a few ps−1 [34],
and the spectral density is J(ν) = αν3 exp
{−(ν/ξ)2},
where α is an overall phonon coupling strength [24]. The
optical emission spectra for parameters corresponding to
the three characteristic parameter regimes are shown in
Fig. 2. The spectra in the upper panels are calculated
for a temperature of T = 4 K, and in the lower panels
for T = 150 K.
In the Purcell regime (Fig. 2a-b), the spectrum exhibits
a narrow zero-phonon line dressed by a broad phonon
sideband, which is asymmetric in the low-temperature
limit. In addition, thermal phonon scattering and de-
phasing broadens the zero-phonon line at higher temper-
atures. In the strong coupling regime (Fig. 2c-d), the
polariton peaks are asymmetric at low temperature, and
the polariton peaks are dressed by a single phonon side-
band. In the regime of phonon decoupling (Fig. 2e-f), the
polaritons are split beyond the phonon cutoff frequency,
and thus the polaritons are dressed by spectrally resolved
sidebands. Furthermore, the polariton symmetry in the
spectrum is recovered.
To understand the complex behaviour of the system,
we apply a variational polaron transformation to the
Hamiltonian. This transformation is generated by the
operator V = |X〉〈X|∑k fk(b†k − bk)/νk and transforms
the Hamiltonian as Hv = e
VHe−V . Here, fk are vari-
ational coefficients, which are determined such that the
Feynman-Bogoliubov bound on the free energy is mini-
mized [24, 35, 36]. In practise, this means that the trans-
formation depends on the relative magnitude of g and ξ.
An important characteristic of the transformation is the
variational renormalisation factor, Bv = 〈e±V 〉, which
depends on g and takes a value between 0 and 1, such
that Bv ' 1 when 2g  ξ (see Fig. 3a). The signifi-
cance of Bv is two-fold: First, the light–matter interac-
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FIG. 2. Optical emission spectra in the a.-b. Purcell regime g = 0.05 ps−1, κ = 0.5 ps−1, c.-d. strong coupling regime,
g = 1.1 ps−1, κ = 0.5 ps−1, and e.-f. phonon decoupling regime, g = 10.0 ps−1, κ = 0.5 ps−1. For the upper panels, the
temperature is T = 4 K, and for the lower panels, T = 150 K. We have used an overall phonon coupling strength, α = 0.025 ps2
and phonon cutoff frequency, ξ = 2.23 ps−1. The cavity and exciton were taken resonant, ωc = ωX +Rv.
tion in the transformed Hamiltonian, Hv, is renormalised
as g → gBv, meaning that the phonons reduce the effec-
tive coupling strength. Furthermore, when the exciton–
cavity system is in the Purcell regime, 2g < κ, and κ > ξ,
the probability of generating a phonon wavepacket jointly
with the emission of a photon is given by 1 − B2v, i.e.
the phonon sideband constitutes a fraction of 1 − B2v
of the total emission spectrum; in the limit g → 0, B2v
reduces to the Franck-Condon factor [2]. However, as
shown in Fig. 2c-d, this branching ratio does not hold in
the phonon decoupling regime, where the polariton peaks
are dressed with a phonon sideband, even though g is suf-
ficiently large to ensure Bv ' 1. Thus, the polaritonic
phonon sidebands are a strongly non-perturbative effect
that cannot be captured even by the optimal perturba-
tion theory. In analogy with the coupling strength renor-
malisation, the variational transformation also shifts the
exciton resonance by Rv =
∑
k fk(fk − 2gk)/νk. This
effect is of minor importance, but needs to be taken into
account when setting the cavity frequency to resonance
with the exciton.
To investigate the overall influence of the phonons in
the decoupling regime, the photon indistinguishability is
shown in Fig. 3b as a function of g. The blue line with
open circles signify a configuration with fixed cavity de-
cay rate, corresponding to the blue spectra in the upper
panels of Fig. 2. Here, it is clearly seen that the impact of
the phonon environment is most significant when J(2g)
is maximal, meaning that the scattering process from the
upper polariton to the lower is resonantly enhanced, and
the photon emission process is exposed to strong deco-
herence. However, when 2g exceeds the cutoff frequency,
the indistinguishability converges to ∼ 0.95, due to the
persistent polariton phonon sidebands. Alternatively, the
orange line with dots shows the indistinguishability in a
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FIG. 3. a. Phonon spectral density evaluated at ν = 2g
(green, left axis) and variational renormalisation factor, Bv,
(right axis) at T = 4K (blue) and T = 150 K (red) as a func-
tion of the light–matter coupling strength, g. The phonon
cutoff frequency is indicated as ξ/2 by a solid black line. b.
Photon indistinguishability as a function of light–matter cou-
pling strength, g for fixed cavity decay, κ = 0.5 ps−1 (blue
line and open circles) and cavity decay rate pinned to the
coupling strength, κ = 3g (orange line and dots) at T = 4 K.
c. Same as in b., but at T = 150 K. The line signatures are
the same as in panel b.
4Purcell-configuration, where κ is pinned at 3g, ensuring
that the system never enters the strong coupling regime.
Here, the phonon sideband can be completely eliminated,
when Bv → 1 and the zero-phonon line broadens suffi-
ciently to absorb the entire sideband.
The difference between the polariton and Purcell
regimes becomes even more pronounced in the high-
temperature limit (Fig. 3c), where the sideband is more
dominating in the spectrum. Due to thermal phonon
population, the exciton dephasing here is stronger, mean-
ing that the increase in indistinguishability for the Pur-
cell configuration is slower than for the low-temperature
case. It is noteworthy that even at this high temper-
ature, it is possible to achieve phonon decoupling and
thus near-unity indistinguishability.
We now turn our attention towards the phonon-
induced polariton asymmetry in the spectrum that arises
when the upper polariton decays to the lower polari-
ton, which is the dominant dephasing mechanism in the
strong coupling regime at low temperatures. In Fig. 4,
we show, as a function of g, the spectral asymmetry be-
tween the polariton peaks (solid line and open circles,
left axis), calculated as A = (S−−S+)/(S−+S+), where
S± := S(ω±, ω±) is the emission spectrum evaluated at
the upper (+) and lower (−) polariton peak. As ex-
pected, the polariton symmetry is recovered in the limit
2g  ξ. To support this finding, we use a master equa-
tion in the variational frame to derive the asymmetry-
driving differential scattering rate from the upper to the
lower polariton (see Supplementary Material),
ΓA =
pi
2
J(2gBv)[1− F 2(2gBv)] + (g), (2)
where F (ν) is the dimensionless variational displacement
function, F (νk) = fk/gk and (g) is a small term that
vanishes in the limit 2g  ξ. This analytical scattering
rate is also shown in Fig. 4 (shaded area, right axis) and
exhibits a similar behaviour as the polariton asymmetry.
These findings show that the phonon-induced polariton
scattering can indeed be eliminated in the phonon de-
coupling regime, because there are no available phonon
modes with sufficiently high frequency to match the po-
lariton energy difference. However, as shown in Figs. 2
and 3, this does not mean that the phonons are fully
decoupled in this regime, since the polaritonic phonon
sidebands do not rely on resonant transitions, but occur
due to vibrational dressing of the individual polaritons.
In conclusion, we have shown that the phonons in the
environment of a localised exciton coupled to a nanocav-
ity can be dynamically decoupled when the light–matter
coupling is sufficiently strong. We have found that an ef-
fective decoupling occurs in the Purcell regime, where the
zero-phonon transition occurs with a rate much higher
than the phonon cutoff frequency. Furthermore, we have
found that the phonon-induced polariton scattering in
the strong light–matter coupling regime can be elimi-
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FIG. 4. Asymmetry of polariton peaks, A, as a function of
coupling strength (solid line and open circles, left axis), over-
layed with analytically calculated differential polariton scat-
tering rate, ΓA (shaded area, right axis).
nated when the polariton splitting exceeds the phonon
cutoff frequency. However, we also find a significant
phonon-dressing of the individual polaritons that per-
sists into the phonon decoupling regime, demonstrat-
ing the importance of operating in the Purcell regime.
These principal observations only rely on the relative
magnitude of the exciton–cavity coupling strength and
the phonon cutoff frequency, and generally hold for any
exciton–cavity system.
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